We have examined binding of the CREB B-ZIP protein domain to double-stranded DNA containing a consensus CRE sequence (5′-TGACGTCA-3′), the related PAR, C/EBP and AP-1 sequences and the unrelated SP1 sequence. DNA binding was assayed in the presence or absence of MgCl 2 and/or KCl using two methods: circular dichroism (CD) spectroscopy and electrophoretic mobility shift assay (EMSA). The CD assay allows us to measure equilibrium binding in solution. Thermal denaturation in 150 mM KCl indicates that the CREB B-ZIP domain binds all the DNA sequences, with highest affinity for the CRE site, followed by the PAR (5′-TAACGTTA-3′), C/EBP (5′-TTGCGCAA-3′) and AP-1 (5′-TGAGTCA-3′) sites. The addition of 10 mM MgCl 2 diminished DNA binding to the CRE and PAR DNA sequences and abolished binding to the C/EBP and AP-1 DNA sequences, resulting in more sequence-specific DNA binding. Using 'standard' EMSA conditions (0.25× TBE), CREB bound all the DNA sequences examined. The CREB-CRE complex had an apparent K d of ∼300 pM, PAR of ∼1 nM, C/EBP and AP-1 of ∼3 nM and SP1 of ∼30 nM. The addition of 10 mM MgCl 2 to the polyacrylamide gel dramatically altered sequence-specific DNA binding. CREB binding affinity for CRE DNA decreased 3-fold, but binding to the other DNA sequences decreased >1000-fold. In the EMSA, addition of 150 mM KCl to the gels had an effect similar to MgCl 2 . The magnesium concentration needed to prevent non-specific electrostatic interactions between CREB and DNA in solution is in the physiological range and thus changes in magnesium concentration may be a cellular signal that regulates gene expression.
INTRODUCTION
Basic region leucine zipper (B-ZIP) proteins are a large class of dimeric transcription factors that bind up to 10 bp of contiguous DNA in a sequence-specific manner (1) (2) (3) (4) . X-ray crystal structures for several B-ZIP proteins bound to DNA have been published, including the yeast GCN4 homodimer (2, 5) , the Fos-Jun heterodimer (6) , the CREB homodimer (7) and the yeast PAP-1 homodimer (8) . While these have begun to reveal the structural basis of DNA binding specificities, the X-ray structures do not provide information about the relative affinities of B-ZIP proteins for different DNA sequences. This information is critical to understanding the mechanisms that regulate gene expression.
In vitro data reveal that the same DNA sequence is bound by several B-ZIP proteins. For example, the palindromic cAMP response element, the CRE (5′-TGACGTCA-3′), can be bound by CREB homodimers (9) , ATF2 homodimers (10), ATF3 homodimers (10), C/EBP family members and Jun family-Fos family heterodimers (11) . Knowing the binding affinities of different B-ZIP proteins for the same DNA sequence and the same B-ZIP protein for different DNA sequences will give us an insight into which binding is relevant in vivo.
The recently described crystal structure of the CREB B-ZIP domain bound to a consensus CRE DNA sequence identified a hexahydrated Mg 2+ ion in the cavity between the bifurcating basic regions and DNA (7) . Fluorescence polarization experiments indicated that the CREB-CRE complex was unstable in the absence of MgCl 2 and dramatically stabilized in the presence of 10 mM MgCl 2 . In contrast, CREB binding to CRE-related sites was unaffected by the presence of 10 mM MgCl 2 (12) .
We have examined binding of the CREB B-ZIP domain to a consensus CRE DNA sequence, three related DNA sequences and the unrelated SP1 DNA sequence using both circular dichroism (CD) thermal denaturation and electrophoretic mobility shift assay (EMSA). CD thermal denaturation experiments indicate that in 150 mM KCl CREB binds to all the DNA sequences examined. We find that the addition of 10 mM MgCl 2 inhibits CREB binding to non-consensus DNA sequences. Thus magnesium is required for sequence-specific CREB binding. We also show that CREB does not exhibit sequence-specific DNA binding under 'standard' EMSA conditions (0.25-1× TBE buffer), making this popular assay inadequate for examining relative affinities. However, the addition of millimolar amounts of either MgCl 2 or KCl to the polyacrylamide gel obliterates binding to non-consensus DNA sequences but does not appreciably affect binding of CREB to the CRE-binding site. Similar results were obtained for C/EBP, Fos-JunD and PAR B-ZIP domain dimers. Thus, a simple modification allows the EMSA to be used to study sequencespecific DNA binding of transcription factors. 
MATERIALS AND METHODS

Proteins
The sequences of the expressed B-ZIP domains CREB (13), Fos and Jun (14) , the PAR family member VBP (15) and C/EBP (16) have been reported elsewhere. The B-ZIP domains are 10 amino acids longer than the fragment used in the crystal structure of both GCN4 and the Fos-Jun heterodimer complex. Proteins were expressed in Escherichia coli using the T7 IPTG-inducible system (17) and purified and quantified as described previously (14) .
Circular dichroism
CD studies were performed using a Jasco J-720 spectropolarimeter with a 5 mm rectangular CD cell. All protein stock solutions were in 12.5 mM HEPES, pH 7.4, 150 mM KCl, 0.25 mM EDTA. DTT was added to a final concentration of 1 mM. The protein solutions were heated to 65°C for 20 min to disrupt any potential disulfide bonds, cooled to room temperature for 5 min and diluted to 4 µM in a 1.5 ml sample volume. DNA oligonucleotides (32mer) were purchased from Genosys as HPLC-purified products. DNA was resuspended in water and the concentration was determined from the absorbance at 260 nm. To produce double-stranded DNA, single-stranded DNA was brought to 5 µM in 12.5 mM HEPES, pH 7.4, 150 mM KCl, 0.25 mM EDTA, heated to 80°C for 5 min, put on ice for 5 min and then incubated at room temperature for 15 min. For denaturations containing DNA and protein, protein and DTT were added bringing the final concentration to 4 µM DNA, 4 µM protein and 1 mM DTT. This mixture was heated to 65°C for 20 min and introduced into the CD cuvette for melting.
EMSA
Each single strand of DNA was radiolabeled using polynucleotide kinase. An aliquot of 7 µl of [γ-32 P]dATP (3000 Ci/mmol) was added to 1 µg oligo and incubated at 37°C for 45 min in a 10 µl reaction. Purified B-ZIP domains were heated for 10 min at 65°C in the presence of 1 mM DTT and added to 20 µl of the gel shift reaction buffer [12.5 mM phosphate, pH 7.4, 150 mM KCl, 0.25 mM EDTA, 2.5 mM DTT, 2 mg/ml bovine serum albumin (BSA) and 2% glycerol]. The BSA is essential to prevent non-specific binding of the protein. This solution was incubated for 10 min at 65°C and then incubated with 30 pM 32 P-labeled double-stranded oligonucleotide for 10 min at 37°C.
The binding complexes were resolved on a 7.5% polyacrylamide gel in 0.25% TBE buffer (25 mM Tris base, 25 mM boric acid and 0.5 mM EDTA) at room temperature. Some gels contained either 1-10 mM MgCl 2 or 150 mM KCl. The gels were pre-run for 15 min, loaded in the absence of any marking dyes and electrophoresed for 1 h. We used a home-built gel electrophoresis system 20 cm high and 35 cm wide with a gel thickness of 0.3 mm. The thinness of the gel and thickness of the glass plates prevents overheating. The gels were run at 100 V constant voltage. The observed current for the 0.25× TBE gel was 10 mA, for the MgCl 2 gel was 20 mA and for the KCl gel was 70 mA. The sequences of the five 28mer DNA probes used in the EMSA experiments were, with the consensus binding sites underlined: CREB, GTCAGTCAGATGACGTCATAT-CGGTCAG; AP-1, GTCAGTCAGAATGACTCATATCGG-TCAG; PAR, GTCAGTCAGATTACGTAATATCGGTCAG; C/EBP, GTCAGTCAGATTGCGCAATATCGGTCAG; SP1, GTCAGTCAGGGGGCGGGGCATCGGTCAG.
RESULTS
Circular dichroism denaturation of the CREB B-ZIP domain and DNA
We have used CD thermal denaturation to monitor the stability of the CREB B-ZIP domain bound to four DNA sequences in the presence of 150 mM KCl with or without 10 mM MgCl 2 . Figure 1 presents CD spectra, collected at 6°C, for the CREB B-ZIP domain, double-stranded DNA containing a consensus CRE-binding site and a mixture of the protein and DNA. The CREB B-ZIP domain has CD minima at 208 and 222 nm, indicative of α-helical structure (208 nm) and helix-helix interactions (222 nm). The DNA has little CD at these wavelengths, but has a minimum at 245 nm. The mixture has increases in ellipticity at 208 and 222 nm that likely represent the basic region becoming α-helical upon DNA binding (18, 19) . The DNA does not produce a significant spectroscopic signature at 222 nm, allowing us to monitor B-ZIP domain secondary structure in the absence and presence of DNA.
The thermal stability of the CREB B-ZIP protein domain in 150 mM KCl, 12.5 mM HEPES pH 7.4, 0.25 mM EDTA and 1.0 mM DTT did not change significantly with the addition of 10 mM MgCl 2 ( Fig. 2) . We performed these denaturations in HEPES, instead of our standard phosphate buffer, because of salt formation between phosphate and magnesium upon heating. The CREB B-ZIP domain is well fitted by a two-state equilibrium with a T m of 49°C (13) . Addition of 10 mM MgCl 2 causes a slight decrease in ellipticity, but no change in T m .
Binding to a 32 bp DNA oligonucleotide containing a CRE site in the presence of 150 mM KCl increased the stability of the CREB B-ZIP domain from 49 to 70°C (Fig. 3 ). This is below the thermal transition of double-stranded to singlestranded DNA (74°C), suggesting that the change in ellipticity of the complex results from denaturation of the α-helix dimeric CREB domain from double-stranded DNA. Addition of DNA causes several changes in the denaturation profile: (i) an ellipticity increase likely representing the basic region becoming α-helical upon DNA binding; (ii) the low temperature baseline becomes flatter and thermal denaturation becomes more cooperative, with ∆H increasing from -59 to -114 kcal/mol. In the absence of DNA, the basic region unfolds non-cooperatively from an α-helix to a random coil, resulting in the inclined baseline. In the presence of DNA, the basic region is bound in the major groove of DNA and denatures cooperatively, resulting in a more horizontal low temperature baseline. The flatter baseline and increased cooperativity are reflections of the stabilized α-helical basic region that only unfolds when the entire B-ZIP domain denatures. These denaturations are reversible (data not shown).
We examined whether the addition of 10 mM MgCl 2 affected CREB binding to the CRE site (Fig. 4) . As stated previously, the thermal stability of the CREB B-ZIP domain is unaffected by addition of 10 mM MgCl 2 . MgCl 2 increased the T m of the double-stranded DNA (20-23) from 74 to 79°C. In contrast, the T m of CREB bound to the CRE DNA sequence decreased from 70 to 60°C. The general shape of the denaturations was independent of MgCl 2 , suggesting that the same structural transitions occur with or without magnesium. The high affinity of magnesium for DNA suggests that the decrease in stability of the complex results from competition between the B-ZIP domain and the magnesium for electrostatic interactions with DNA. Figure 5 shows CREB binding to a CRE DNA and three CRE-related DNA sequences in the absence and presence of 10 mM MgCl 2 . The CRE-related sequences examined were as follows. (i) The consensus DNA binding site for PAR family members VBP/TEF, HLF and DBP (5′-TTACGTAA-3′). The PAR site varies from the CRE site by a change in a single base pair 3 bp from the center of the dyad, highlighted in bold. (ii) The consensus site for C/EBPα B-ZIP proteins (5′-ATTGCG-CAAT-3′). This varies from the consensus CRE site by changes at the second and third base pairs from the center of the dyad. (iii) The consensus site for the AP-1 heterodimer complex, termed the TRE site (5′-AGTGACT-3′). This varies from the CRE site by deletion of a single base in the middle of the dyad. The stabilities of these double-stranded DNA sequences are presented in Table 1 .
The CREB B-ZIP domain bound all three CRE-related DNA sites ( Fig. 5 and Table 1 ), albeit with lower affinity than to the CRE site. CREB bound the PAR sequence with a T m of 65°C, C/EBP with a T m of 61°C and AP-1 with a T m of 57°C. In all cases, the ellipticity of the CREB B-ZIP domain increased and the cooperativity of denaturation was steeper for DNA-bound than for unbound CREB B-ZIP domain. The addition of 10 mM MgCl 2 decreased the stability of the CREB-DNA complexes while the shapes of the denaturation profiles remained unchanged (Fig. 5) . For the C/EBP and AP-1 DNA sequences the T m of the CREB-DNA complex was similar to the T m of CREB alone. While the more negative ellipticity and more horizontal low temperature baseline are indicative of CREB binding to the C/EBP and AP-1 DNA probes, the lack of a change in T m suggests that DNA binding does not stabilize the CREB leucine zipper dimer. These data indicate that 10 mM MgCl 2 is needed in addition to 150 mM KCl to prevent electrostatic interaction between CREB and non-specific DNA.
EMSA
We also used EMSA to examine binding of the CREB B-ZIP domain to the DNA sequences used in the CD experiments, as well as the SP1 site (5′-GGGCGGGG-3′). The binding reaction conditions were the same as for the CD thermal denaturations with the addition of 2 mg/ml BSA and 2% glycerol. We ran a 7.5% polyacrylamide gel in 0.25× TBE. Figure 6A is a 'standard' EMSA (0.25× TBE) that examines binding of half-log dilutions of the CREB B-ZIP domain to five DNA sequences. CREB bound with the following apparent K d values: CRE, ∼0.3 nM; PAR, ∼1 nM; C/EBP and AP-1, ∼3 nM; SP1, ∼30 nM. Thus CREB binds the CRE site with the highest affinity but also binds related DNA sequences as well.
One feature of CREB binding to non-CRE DNA sequences seen in Figure 6A is the appearance of a second protein-DNA band at higher CREB concentrations. This is most pronounced on the SP1 probe, the most divergent of the DNA sequences tested. We suggest that the slower migrating band represents two dimers of CREB bound to DNA. This can occur most easily on the SP1 probe because CREB binding is non-specific and thus can occur anywhere along the DNA sequence. The absence of a second band on the CRE oligonucleotide likely indicates that when a CREB dimer is bound specifically in the middle of the 28 bp oligonucleotide, a second dimer is unable to bind the DNA.
Effect of MgCl 2
To determine whether magnesium would have a similar effect in the gel shift assay as in solution, we added 10 mM MgCl 2 to the binding reactions. This caused a 3-fold decrease in binding to all the sites (Fig. 6B) . In the EMSA, the protein-DNA complex is fractionated from the unbound components because of a difference in net charge and size. The polyacrylamide gels are typically run in low salt for two reasons: (i) to maximize electrostatic attraction between the protein-DNA complexes;
(ii) to keep the current low to prevent thermal denaturation of the protein-DNA complexes.
In an attempt to recapitulate the sequence-specific DNA binding seen in the CD denaturations, we examined whether adding MgCl 2 to the polyacrylamide gel would enhance DNA binding specificity. Gels were cast containing 1, 3 or 10 mM MgCl 2 and CREB binding to the five DNA sequences was examined. MgCl 2 at 1 mM does not effect DNA binding to the five DNA sequences examined (Fig. 6C) . In contrast, at 3 mM MgCl 2 inhibits DNA binding to the C/EBP, AP-1 and SP1 sites 30-fold, without affecting binding to the CREB and PAR sites (Fig. 6D) . At 10 mM MgCl 2 decreases binding to the CREB site 3-fold and to the PAR site >30-fold (Fig. 6E) . Increasing the protein concentration from 30 to 1000 nM does not reveal any additional DNA binding (data not shown). Thus to reveal sequence-specific binding by EMSA, MgCl 2 had to be added not only to the binding reaction but also to the gel itself. Similar results were obtained using 150 mM KCl in the polyacrylamide gel.
DNA binding of Fos-JunD, C/EBP and PAR with or without MgCl 2
The generality of the result that MgCl 2 increased DNA binding specificity by decreasing non-specific DNA binding was addressed by examining three additional B-ZIP dimers (Fig. 7) , namely PAR (24), C/EBPα and the Fos-JunD heterodimer. Based on the 'standard' EMSA, PAR binds its reported cognate site with a K d of ∼3 nM. However, it also binds the related C/EBP and CRE sites equally well. It binds the TRE site with 30-fold lower affinity than its cognate site and does not bind the SP1 site. C/EBPα binds to its site with a K d of ∼1 nM and to the PAR site with a K d of ∼3 nM. The Fos-JunD heterodimer binds the AP-1 and CRE sites with an affinity of 1-3 nM and the C/EBP site with an affinity of 10 nM.
Adding 10 mM MgCl 2 to the polyacrylamide gel dramatically altered binding of these B-ZIP dimers to DNA (Fig. 8) . PAR now bound only to its cognate site. MgCl 2 increased the specificity of C/EBPα binding, although it bound more promiscuously than PAR, as has been previously observed (25) . The DNA binding specificity of C/EBPα is broader than PAR due to a conserved valine in the C/EBPα basic region, compared to the alanine in PAR (25) . The Fos-JunD heterodimer binds the TRE and CRE sites but not the other sites. These results indicate that MgCl 2 -containing gels increase the sequence specificity of DNA binding by B-ZIP proteins.
DISCUSSION
We have examined binding of the CREB B-ZIP domain to five DNA sequences: a consensus CRE DNA sequence (5′-TGACGTCA-3′), three related DNA sequences and an unrelated SP1 DNA sequence. CD thermal denaturation studies in 150 mM KCl indicate that CREB binds to DNA containing a consensus CRE with the highest affinity but also binds to all the other DNA sequences examined. The addition of 10 mM MgCl 2 destabilized DNA binding to all sites, increasing the sequence specificity of CREB binding. These data suggest that physiological concentrations of monovalent salts are not sufficient to prevent non-specific DNA binding of CREB and that intracellular magnesium may play a significant role in preventing electrostatic protein-DNA interactions. These data are in contrast to recent work suggesting that CREB binding to a CRE-containing DNA is stabilized by 10 mM MgCl 2 (12) .
Our EMSA data indicate that CREB bound to all the DNA sequences examined under 'standard' EMSA conditions. However, adding 10 mM MgCl 2 to the polyacrylamide gel dramatically inhibited DNA binding to the non-cognate DNA sites, but had only a modest effect on binding to the consensus sites. KCl at 150 mM in the polyacrylamide gel also prevented CREB binding to non-CRE DNA. Thus, using high salt EMSA gels could help reveal sequence-specific DNA binding that is not evident under 'standard' EMSA conditions. DNA binding by B-ZIP proteins has a non-specific and a specific component. Non-specific DNA binding is a result of electrostatic attraction between positively charged amino acids of the protein and negatively charged phosphate oxygens of the DNA. This non-specific attraction is inhibited by competition with salt. The second component is specific and is not competed well by salt. In solution CREB binds to different DNA sequences in the presence of 150 mM KCl, a physiologically relevant concentration, suggesting that either CREB binds all these sequences in vivo or that other salts play a role in determining specificity in vivo. Sequence-specific DNA binding was observed in 3-10 mM MgCl 2 , suggesting that this range of divalent salt concentration may operate in vivo to inhibit non-specific DNA binding in the cell.
Using electron probe X-ray microanalysis, investigators have concluded that the nuclear concentration of magnesium is between 10 and 30 mM (26-28) with an unbound magnesium concentration of between 0.5 and 2 mM (29-31). The high affinity of Mg 2+ for DNA suggests that it may be an important modulator of sequence-specific binding. If Mg 2+ concentrations change in vivo, as occurs for the larger calcium, gene expression could be modulated, changing the DNA binding specificities of B-ZIP transcription factors.
The recent X-ray structure of CREB bound to the consensus CRE site identified a Mg 2+ ion in the cavity between the bifurcating basic regions and DNA (7) . Recently, Craig et al. found that the CREB B-ZIP domain binds the consensus CRE site over 10-fold better in the presence of 10 mM MgCl 2 (12) , while binding to related DNA sequences is largely unaffected by MgCl 2 . Our results, however, indicate that 10 mM MgCl 2 inhibits CREB binding to all the DNA sequences we have examined, including the consensus CRE site. There are several possible explanations for these different results. The CREB B-ZIP domain used in both the co-crystal and DNA-binding studies had three cysteine residues mutated to serine. One of these, Ser300, is very close to the observed Mg 2+ -binding site and the smaller serine may be required to accommodate Mg 2+ in the protein-DNA interface. In contrast, the CREB B-ZIP domain we have used contains the native protein sequence. Alternatively, differences in the DNA sequences flanking the 8 bp consensus CRE site could contribute to Mg 2+ binding. A third possibility is that MgCl 2 stabilized the relatively short DNA sequence used in the Craig et al. experiments, thus facilitating DNA binding.
Data from a standard EMSA indicate that the CREB B-ZIP domain binds the different DNA sequences with limited specificity. The addition of either monovalent or divalent salts revealed specificity by inhibiting non-specific binding. The ability to determine relative affinities may help resolve the confusion in the field caused by the apparent lack of sequencespecific DNA binding of a variety of eukaryotic transcription factors. The use of KCl instead of MgCl 2 would prevent the activation of phosphatases that could dephosphorylate the radioactive probe. A possible explanation for the absence of a more dramatic MgCl 2 effect is that once the current is initiated, the salts in the binding reaction are electrophoresed away, leaving the protein and DNA to interact in 0.25× TBE buffer.
Inorganic ions have been placed in polyacrylamide gels previously to reveal several aspects of DNA structure and DNA-protein interactions. These include adding Mg 2+ to the polyacrylamide gel to modulate the migration rate of A-tractcontaining curved DNA (32) and Fos-Jun complexes bound to DNA (33) . Mg 2+ -containing gels have also been used to monitor TBP binding to DNA (34) and to help resolve large DNA-protein complexes containing TBP (35, 36) .
Magnesium has previously been reported to affect the specificity of DNA binding. Magnesium has been shown to give more specific DNA binding for USF, the B-HLH-ZIP protein, as revealed by a DNA binding selection assay. The interpretation that Mg 2+ is critical for specific DNA binding (37) is contrary to our finding that Mg prevents non-specific interactions. Many proteins have a wide spectrum of specific DNA binding (38) activities, highlighting the difficulty of describing the specificity of DNA binding. We suggest that magnesium may be a critical electrolyte in the cell to enhance specificity by preventing non-specific DNA binding of B-ZIP and possibly other proteins.
The recent development of systems that examine protein binding to multiple DNA sequences will be critical to address the nature of the sequence specificity of DNA binding (39, 40) .
